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Listeria monocytogenes is a ubiquitous foodborne pathogen that results in a high rate of 17 
mortality in sensitive and immunocompromised people. Contamination of food with L. 18 
monocytogenes is thought to occur during food-processing, most often as a result of the 19 
pathogen producing a biofilm that persists in the environment, and acting as the source for 20 
subsequent dispersal of cells onto food.  A survey of seafood-processing plants in New Zealand 21 
identified the persistent strain 15G01, which has a high capacity to form biofilms. In this study, a 22 
transposon library of L. monocytogenes 15G01 was screened for mutants with altered biofilm 23 
formation, assessed by a crystal violet assay, to identify genes involved in biofilm formation. 24 
This screen identified 36 transposants that showed a significant change in biofilm formation 25 
compared to the wild-type. The insertion sites were in 27 genes, of which 20 led to decreased 26 
biofilm formation and seven to an increase. Two insertions were in intergenic regions. 27 
Annotation of the genes suggested that they are involved in diverse cellular processes, 28 
including stress response, autolysis, transporter systems and cell wall/membrane synthesis. 29 
Analysis of the biofilms produced by the transposants using scanning electron microscopy and 30 
fluorescence microscopy showed notable differences in the structure of the biofilms when 31 
compared with the wild-type. In particular, inactivation of uvrB and mltD produced coccoid-32 
shaped cells and elongated cells in long chains, respectively, and the mgtB mutant produced a 33 
unique biofilm with a sandwich structure which was reversed to the wild-type level upon 34 
magnesium addition. The mltD transposant was successfully complemented with the wild-type 35 
gene, whereas the phenotypes were not or only partially restored for the remaining mutants. 36 
Importance 37 
The major source of contamination of food with Listeria monocytogenes is thought to be due to 38 
biofilm formation and/or persistence in food-processing plants. By establishing as a biofilm, cells 39 
become harder to eradicate due to their increased resistance to environmental threats. 40 
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Understanding the genes involved in biofilm formation and their influence on biofilm structure 41 
will help identify new ways to eliminate harmful biofilms in food processing environments. To 42 
date multiple genes have been identified as involved in biofilm formation of L. monocytogenes, 43 
however, the exact mechanism remains unclear. This study has identified four genes associated 44 
with biofilm formation in a persistent strain. Extensive microscopic analysis illustrated the effect 45 
of the disruption of mgtB, clsA, uvrB and mltD and the influence of magnesium on the biofilm 46 
structure. This work strongly suggests an involvement in biofilm formation for the four genes and 47 
provides a basis for further studies to analyse gene regulation to assess the specific role of 48 




The foodborne pathogen Listeria monocytogenes is a serious health threat to 51 
immunocompromised people, the elderly, pregnant women and unborn and newborn babies (1),  52 
with a high mortality rate (up to 30%) in those groups (2). L. monocytogenes is ubiquitous in the 53 
environment, with contamination of food usually occurring during processing rather than being 54 
present in raw food (3, 4). The breadth of foods contaminated with L. monocytogenes is 55 
extensive, and includes ready-to-eat meat and seafood as well as vegetables and fruit (5).  56 
L. monocytogenes is motile across a broad range of temperatures and has the capacity to adapt 57 
quickly to environmental changes to secure its survival. It can  grow over a broad temperature 58 
range and survive  freezing temperatures (6). L. monocytogenes can tolerate some degree of 59 
low pH, but is not as acid-tolerant as some other foodborne pathogenic bacteria, i.e. E. coli 60 
O157:H7. It is also capable of surviving in high salt concentrations up to 11.5 % (6). All these 61 
attributes contribute to the adaptability of this pathogen and impede its control when 62 
encountered in food-processing environments.  63 
Surface attachment and biofilm formation are important to the environmental persistence of L. 64 
monocytogenes (7). A biofilm is a community of cells that exists in a sessile lifestyle rather than 65 
a planktonic one in order to use resources more efficiently and to resist environmental threats. 66 
Cells in a biofilm are attached to each other and to a surface. They are held together by an 67 
extracellular polymeric matrix that consists of DNA, proteins, lipopolysaccharides and other 68 
substances that contribute to its stability and act as a protective barrier. For L. monocytogenes, 69 
the capacity to form biofilms in so-called ‘harbourage’ sites, enables the pathogen to establish 70 
itself and to act as a source for subsequent dispersal of single cells. Management of L. 71 
monocytogenes is further impaired because biofilm cells are more resistant to cleaning agents 72 
and sanitisers (8) as well as antibiotics (9). As a result, L. monocytogenes is able to 73 
contaminate surfaces as well as food products. 74 
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Transposon mutagenesis has proven to be a successful tool for identification of genes involved 75 
in biofilm formation in L. monocytogenes (10, 11).  As a result, to date, four research groups 76 
have successfully identified genes involved in biofilm formation of L. monocytogenes using the 77 
Himar1-based transposition system (12-15). The majority of the identified genes were 78 
associated with biosynthesis or motility. This transposition system has also been used to identify 79 
the genetic factors underlying other phenotypic changes, such as desiccation survival or nisin-80 
sensitivity (16, 17). 81 
A survey of seafood-processing plants in New Zealand identified four persistent strains 82 
(persisted in factories for at least 6 months), classified by their unique pulsotypes (18). One of 83 
these pulsotypes (5132), represented by L. monocytogenes 15G01, was shown to have a high 84 
capacity to form biofilms in in vitro assays (18-20). Further genomic studies revealed that L. 85 
monocytogenes 15G01 (lineage II genome) belongs to the sequence type ST-321, determined 86 
using MLST, and is lacking the φtRNA-Ser prophage (20). This isolate exhibited low invasion in 87 
mammalian cell cultures (20), which is linked to truncation of the primary virulence factor 88 
internalin A (InlA) (21). As the capacity to form biofilms is believed to be a major contributing 89 
factor in persistence of L. monocytogenes and subsequent contamination of food in food-90 
processing premises, a library of mutants of L. monocytogenes 15G01, previously generated 91 
using the Himar1 mariner-based transposition system (22), was screened for mutants with 92 
altered biofilm formation using the crystal violet assay. This study aimed to reveal additional 93 
genes in L. monocytogenes 15G01 that are associated with biofilm formation and to further 94 
characterise the role of these genes  through visualisation of the structure by using scanning 95 







An in vitro biofilm assay identified multiple mutants that have either greater or lower 101 
biofilm formation than the wild-type  102 
A set of 4,500 mutants of a transposant library of approximately 6,500 mutants of L. 103 
monocytogenes 15G01, created with the mariner transposition system, was screened at 30°C in 104 
MWB for mutants with altered biofilm formation using the CV assay (a set of 2000 mutants has 105 
been analysed previously (20). These conditions were used as they were previously shown to 106 
induce biofilm formation in L. monocytogenes 15G01 (19). In total, 36 mutants were found with 107 
greater (10 mutants) or lower (26 mutants) biofilm formation ability under these conditions 108 
compared to the wild-type (Table 2), with the average OD595nm of the mutants being at least 2 109 
SD below or above the average OD595nm value (1.197) of the wild-type L. monocytogenes 110 
15G01. The growth of the mutants was compared to the growth of the wild-type strain in MWB 111 
during the screen to confirm that the altered biofilm formation observed was not due to 112 
differences in the ability of the mutants to grow in this media and only mutants showing equal or 113 
higher OD595nm than the wild-type after 48 h were included.  114 
Characterisation of the transposon insertion sites in mutants with altered biofilm 115 
formation identified 27 loci potentially involved in this process 116 
Nested semi-arbitrary PCR enabled the amplification of the genome sequences flanking the 117 
transposons in the 36 mutants. DNA sequencing of the flanking regions and subsequent BlastN 118 
and megablast comparisons of the sequences with the genome of reference strain L. 119 
monocytogenes EGD permitted the locations and directions of the insertions in 15G01 to be 120 
estimated for all mutants with identification of the exact insertion sites for 28 mutants (Table 2). 121 
Transposon insertions seemed to predominantly occur in the second half of the genome raising 122 
doubts as to the random nature of transposition (Figure S3a). In the 36 mutants examined, 27 123 
genes were disrupted by a transposon insertion, with six loci disrupted in two independent 124 
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mutants and one disrupted in three independent mutants (Table 2). Two mutants had an 125 
insertion of the transposon in an intergenic region (Table 2) and a further two mutants insertions 126 
in genes that were not present in the reference genome of L. monocytogenes EGD, but in the 127 
parental strain L. monocytogenes 15G01. 128 
Functional analysis of the disrupted genes identified multiple functional groups are 129 
involved in biofilm formation in L. monocytogenes 15G01 130 
Comparison of the disrupted genes in each of the mutants affected in biofilm formation with 131 
homologous genes in L. monocytogenes EGD and other L. monocytogenes strains in the 132 
GenBank database divided them into seven diverse functional groups (Table 2). Of particular 133 
note, five genes annotated as being involved in cell wall/membrane synthesis or integrity were 134 
identified, including genes encoding a putative peptidoglycan bound protein disrupted in three 135 
mutants that had low biofilm formation, cardiolipin synthetase (designated as clsA), disrupted in 136 
two mutants with greater biofilm formation and the glycosyltransferase LafA in two mutants with 137 
low biofilm formation. 138 
Genes involved in transport systems, stress response, autolysis and motility also influenced 139 
biofilm formation, including a gene predicted to encode a P-type Mg(2+) transport ATPase 140 
(designated as mgtB) and a gene annotated as encoding the ABC transporter permease protein 141 
EscB, which were both disrupted in two mutants. Disruption of the P-type Mg(2+) transport 142 
ATPase resulted in decreased biofilm formation, whilst the insertion of the transposon into escB 143 
resulted in increased biofilm formation.  144 
Complementation of selected genes confirms a role for mltD in biofilm formation of L. 145 
monocytogenes 15G01 146 
Four mutants (33E11, 34F11, 39G5 and 44D3) were examined further to confirm the role of the 147 
disrupted genes in biofilm formation of L. monocytogenes 15G01. The first, the clsA mutant 148 
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(34F11), was selected because this gene had been disrupted in multiple mutants with increased 149 
biofilm formation and the clsA gene was known to be involved in biofilm formation of other 150 
bacterial species (23-25). The uvrB mutant (33E11) was selected as multiple mutants in the 151 
excision nuclease ABC subunit B were identified in the screen and uvrB is part of an operon 152 
with uvrA, which, when disrupted in L. monocytogenes in a previous study, showed increased 153 
biofilm formation at 15°C (15). The mltD mutant (39G5) was studied because it was predicted to 154 
affect autolysis, which has been implicated in changes in biofilm formation in L. monocytogenes 155 
(26, 27) and other bacteria (28), whilst the mgtB mutant (44D3) was included because it has 156 
also been disrupted in multiple mutants and has not been associated with biofilm formation in L. 157 
monocytogenes before.  158 
Growth curves of the selected 36 mutants in MWB at 30°C were then produced by manual 159 
measurements to further examine growth behaviour (Table S1 and Figure S1) in the presence 160 
of erythromycin (transposon contains erythromycin resistance gene). Additionally, growth 161 
studies with an automated plate reader were carried out for the four selected mutants without 162 
selective antibiotics to further rule out the possibility that the changes in biofilm formation were 163 
due to impaired growth (Figure S2). The two mutants 39G5 and 44D3 formed cell aggregates 164 
during growth which is reflected by the high OD600nm values, however, growth pattern was not 165 
affected. 39G5 had an extended exponential phase compared to the other strains, however all 166 
five examined strains were in stationary phase at 48 h, the time point at which biofilm formation 167 
was measured. 168 
Complementation studies were subsequently carried out on the four mutants. In these studies, 169 
introduction of the pIMK vector containing the wild-type mltD gene into the mltD mutant resulted 170 
in the restoration of biofilm formation to levels produced by the wild-type (Figure 1). Conjugation 171 
of the empty vector into this mutant had no obvious effect on biofilm formation (Figure 1). These 172 
data confirmed that the change in biofilm formation in the mltD (a homologue of the 173 
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peptidoglycan hydrolase murA) mutant was a result of inactivation of the gene. Thus, mltD is 174 
required for biofilm formation in L. monocytogenes 15G01. 175 
 176 
In contrast to the successful complementation of the mltD mutant (39G5), introduction of the 177 
pIMK vector containing the wild-type uvrB gene into the uvrB mutant only partially restored (41.7 178 
%) the wild-type phenotype (Figure 1), whilst attempts to complement the mgtB and clsA 179 
mutants (44D3 and 34F11) using a similar process failed to restore the wild-type phenotype 180 
altogether (data not shown).  181 
Microscopy confirmed that the mltD mutant (39G5) has a dramatic loss in both viable and 182 
non-viable cells 183 
All the selected mutants were included in microscopic analysis to assess changes in phenotype 184 
despite the failure to complement a number of the mutations. Fluorescence microscopy showed 185 
that after 48 h incubation of the mutants on polystyrene surfaces in MWB at 30°C, all appeared 186 
to show some differences in the structure of their biofilms when compared to the wild-type 187 
(Figure 2). The biofilm of the mltD mutant (39G5) (Figure 2 d) consisted of a few (mainly 188 
individual) cells, which seemed to be elongated and in chains. The lack of visible cells (whether 189 
alive or dead) was consistent with the low biofilm formation observed in the initial screen. The 190 
biofilm produced by the mgtB mutant (44D3) also contained few live cells, although it did appear 191 
to have a cloudy structure under fluorescence (Figure 2 e). Consistent with this, there appeared 192 
to be greater numbers of dead cells associated with the biofilm produced by the mgtB mutant. 193 
The uvrB mutant (33E11) was a low biofilm former and exhibited only sparse biofilm formation 194 
after 48 h (Figure 2 c), which was consistent with the approximately 80% reduction in biofilm 195 
formation observed in in vitro assays. The clsA mutant (34F11) showed a biofilm with a high 196 
number of living cells, but also showed a higher amount of dead, red-stained cells (Figure 2 b). 197 
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SEM was used to analyse further the structure of the biofilms produced by the mutants after 198 
growth of the bacteria on stainless steel (SS) coupons coated with mussel juice for 7 d at 30°C. 199 
A SS coupon coated with mussel juice was used as a control and organic debris was clearly 200 
visible (Figure 3 k and l). Bacterial cells attached and formed biofilms on the coupons preferably 201 
where organic debris of the mussel juice was present (Figure 3 i and j).  202 
SEM images of 39G5 confirmed the long chain phenotype with some elongated cells (Figure 3 g 203 
and h). Transposon mutant 33E11 was a low biofilm former and exhibited only sparse biofilm 204 
formation on SS coupons after 7 d although extracellular matrix was present. 33E11 appeared 205 
to have a different cell morphology compared to the wild-type with coccoid-shaped rather than 206 
rod-shaped cells (Figure 3e and f). Transposon mutant 34F11 identified as a high biofilm former 207 
in both the microtitre plate screening test and under the fluorescence microscope, also exhibited 208 
greater biofilm formation on the SS coupons compared to the wild-type (Figure 3 c and d). In 209 
addition, 34F11 exhibited an extensive thread structured biofilm attached to organic mussel 210 
debris (Figure 3 d). 211 
Confocal analysis reveals a unique sandwich structure for the biofilm of the mgtB mutant  212 
The influence of magnesium on the biofilm structure was investigated using confocal analysis. 213 
COMSTAT was used to calculate biomass, roughness and maximum and average thickness of 214 
the biofilms (Table 3). 215 
Isosurface images of the biofilms stained with SYTO 9 were generated with Imaris (Bitplane, 216 
Zurich, Switzerland). The wild-type control formed microcolonies on glass after 7 d incubation in 217 
MWB at 30°C (Figure 4 g and h). In contrast to the CV assay (Figures 4 a and b), where 218 
magnesium addition did not alter biofilm amount significantly, biomass was reduced in the 219 
presence of 5 mM Mg2+ for the wild-type when analysed with CLSM. However, maximum 220 
thickness and average thickness of the biomass remained the same when analysed with CLSM. 221 
It is possible that magnesium led to increased production or stabilisation of extracellular 222 
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polymeric substance (which is not detected by CLSM) for the wild-type. In addition, biofilms 223 
were formed on two different surfaces (polystyrene and glass), which could have also 224 
contributed to the observed differences.  225 
As the differences for the biofilm mass in the presence of 5 mM Mg2+ was greatest when mltD 226 
mutant 39G5 was incubated at 37°C (Figure 4 b), this temperature was used for the CLSM 227 
analysis. Magnesium presence led to a decrease in biofilm and attached cells for 39G5 after 7 d 228 
incubation at 37°C (Figure 4 e and f). This was also observed with the CV assays after 48 h 229 
(Figures 4 a and b). Maximum thickness and average thickness were more than halved in the 230 
presence of 5 mM Mg2+ (46.71 % and 40.84 % of the thicknesses without additional 231 
magnesium, respectively) (Table 3). 232 
44D3 (mgtB mutant) produced more biofilm mass in the presence of 5 mM Mg2+ compared with 233 
1.67 mM Mg2+ and less biomass than the wild-type when grown in MWB (1.67 mM Mg2+) (Table 234 
3), which is in line with the observations made with the CV assay (Figure 4 a). Calculations with 235 
COMSTAT revealed double maximum thickness for the biofilm of 44D3 compared with biofilms 236 
formed by the wild-type and 44D3 in the presence of 5mM Mg2+ (Table 3). This suggests that 237 
Mg2+ restored the wild-type phenotype for the mgtB mutant (44D3) (Figure 4 g–k, Table 3). 238 
Mutant 44D3 produced a unique sandwich structure for the biofilm (Figure 4 j) with monolayers 239 
of bacterial cells at the top and bottom and EPS or fluid in between. This structure has, to the 240 
best of our knowledge, not been reported for a biofilm before. In the presence of 5 mM Mg2+, 241 
44D3 produced a biofilm similar in structure to the wild-type (Figure 4 i and k) further 242 
strengthening the hypothesis of restoration of the wild-type’s phenotype. 243 
The mltD mutant (39G5) was defective in autolysis, motility as well as biofilm formation 244 
Inactivation of mltD (murA-homologue) has previously been shown to result in loss of motility in 245 
L. monocytogenes (27). Consistent with these findings, the mltD mutant created in this study 246 
exhibited no motility (Figure 5 b), which was restored upon gene complementation (Figure 5 b). 247 
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The Triton X-100 induced autolysis rate was reduced for the mltD mutant compared to the wild-248 
type (Figure 5 a), confirming the direct involvement in autolysis. 249 
Furthermore, the mltD mutant, 39G5, produced less biofilm than the wild-type at 30°C but more 250 
than the wild-type at 37°C. At both temperatures the presence of magnesium (5 mM) reduced 251 
biofilm production to a minimum when measured with the CV assay and by CLSM. Attachment 252 
studies revealed that the presence of magnesium did not alter the attachment ability of 39G5, 253 
suggesting that magnesium influences the biofilm maturation process rather than surface 254 
characteristics or initial attachment (Figure S5).  255 
Observations of planktonic cells as well as biofilm cells in the present study using fluorescence 256 
microscopy (Figure 2) and SEM (Figure 3 g and h) showed a high number of elongated cells in 257 
long chains for the mltD mutant. 258 
The mltD mutant was found to produce increased cell aggregation, which interfered with optical 259 
density measurements for growth behaviour. However, cell counts after 24 h growth were 260 
similar to the wild-type levels (>9.0 log10 CFU/mL) (Table S1). 261 
Discussion 262 
This study identified 27 genes that are involved in biofilm formation in L. monocytogenes 263 
15G01. Four other research groups have also used Himar1 transposon mutagenesis to identify 264 
genes involved in biofilm formation in L. monocytogenes (12-15). In each case, a large number 265 
of loci were reportedly associated with biofilm formation. Many of the loci were only identified in 266 
a single study, however, probably because different isolates and different assay conditions were 267 
used. For example, Piercey, et al. (15) performed the assays at 15°C while other groups used 268 
higher temperatures (32°, 35° or 37°C). We opted to carry out our analysis at 30 and 37°C even 269 
though food processing plants operate at a lower temperature. These temperatures were 270 
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chosen for this high throughput screen to identify potential biofilm associated genes in a timely 271 
manner as lower temperature require longer incubation time due to slower growth rate.  272 
All studies, including this one, showed that a transposon insertion in lafA (gene ID lmo2555 in L. 273 
monocytogenes EGDe), a gene encoding a glycosyltransferase required for membrane 274 
development, caused a reduction in biofilm formation (29). Other genes identified by us and 275 
other research groups are genes encoding for sortase A, a peptidoglycan linked protein 276 
(LPXTG) and the flagella protein FlaA (13). The detection of common genes associated with 277 
changes in biofilm formation under such variable conditions suggests that they are critical to 278 
biofilm formation regardless of the environmental conditions the bacterium experiences.  279 
This study revealed the probably involvement of uvrB in biofilm formation. Piercey, et al. (15) 280 
identified uvrA (located in the same operon as uvrB) was also  associated with biofilm formation. 281 
Our research group as well as Piercey, et al. (15) used a serotype 1/2a strain isolated from a 282 
processing plant to generate the transposon library.  283 
Ouyang, et al. (14) and Alonso, et al. (12) both generated a mutant library using L. 284 
monocytogenes 10403S and Chang, et al. (13) created a library of L. monocytogenes Scott A 285 
mutants. The uvrAB cluster was not identified as involved in biofilm formation in these other 286 
studies, suggesting that either the regulatory cascades controlling biofilm formation may be 287 
specific to certain environmental triggers or that they may be influenced by genetic variability 288 
between strains or serotypes. 289 
Transporter systems are essential in living organisms. The transition from a planktonic to a 290 
sessile lifestyle requires changes in metabolism and energy generation as resources within 291 
biofilms become scarce (30). Thus, during the screening of the L. monocytogenes 15G01 292 
mutants, it was not surprising to identify seven genes involved in these broad processes that 293 
influence biofilm formation.  294 
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One transporter system of particular interest is the P-type ATPase which takes up Mg2+ upon 295 
ATP-hydrolysis (MgtB). Previous studies showed that magnesium deprivation triggers biofilm 296 
formation (31) and temperature-dependent expression (32) of mgtB is regulated by the 297 
PhoP/PhoQ two component system in Gram-negative bacteria (33, 34). However, knowledge 298 
about the function of this P-type ATPase in Gram-positive bacteria, in particular L. 299 
monocytogenes, is limited. No data about the involvement of mgtB in biofilm formation are 300 
currently available. According to Nielsen, et al. (35) mgtB (lmo2689) is regulated by the two 301 
component system CesRK. CesR binding boxes were found upstream of this mgtB gene which 302 
suggests direct control of mgtB. mgtB is part of an operon including genes encoding for cell 303 
division proteins (i.e., ftsW, Figure S3b) which are also regulated by CesR (35). CesRK is 304 
associated with virulence (36), ethanol sensitivity and antibiotic sensitivity (37). The transposon 305 
insertion in the mgtB gene (44D3) resulted in the production of a low biofilm phenotype in this 306 
study, suggesting an involvement of mgtB in biofilm formation of L. monocytogenes. The 307 
involvement of mgtB in biofilm formation has also been shown for Cronobacter sakazakii (38), 308 
where a disruption of mgtB led to a 77% reduction in biofilm mass. Other magnesium 309 
transporters (MgtE) have also been shown to be involved in biofilm formation or potentially even 310 
in virulence (39). Of particular interest in this study was the observed sandwich structure of the 311 
biofilm formed by 44D3 with static monolayers at the top and bottom and movement in the fluid 312 
in between (Figure 4).  Similarly, (40)also observed movement in the fluid in hollow structures of 313 
the biofilm when analysing it with CLSM. This is the first time that such a biofilm structure has 314 
been reported. Magnesium has been shown to influence biofilm formation in other bacterial 315 
species (31, 41), where high magnesium concentrations (50 mM and higher) led to reduced 316 
biofilm formation in Bacillus subtilis and Bacillus cereus (41) without affecting the growth. 317 
However, lower concentration of 5 mM and 10 mM led to an increase in biofilm formation of B. 318 
subtilis in the same study. Other studies showed that Mg2+ presence led to increased 319 
attachment of P. fluorescence cells to glass (42), but, on the other hand, Mg2+ limitation resulted 320 
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in increased biofilm formation in Pseudomonas aeruginosa through repression of the retS gene 321 
which is responsible for EPS biosynthesis (Mulcahy and Lewenza 2011). Although findings are 322 
contradictory, it is clear that magnesium plays a vital role in biofilm formation and should be 323 
focus of further investigations. 324 
Magnesium is not only important for bacterial homeostasis but has also been found to inhibit 325 
induced autolysis in E.coli upon its addition (43). One mutant with a disruption of mltD produced 326 
low biofilm in this screen. The membrane-bound lytic murein transglycosylase D precursor 327 
(mltD) encodes for a murein degrading enzyme (autolysin) and belongs to the class of lytic 328 
transglycosylases which are important for cell division, insertion of proteins in the cell envelope 329 
and also for maintenance of bacterial morphology (44). Lytic transglycosylase activity on cell 330 
turnover has previously been linked to increased biofilm formation in Gram-negative (45, 46) 331 
and Gram-positive bacteria (47). Cells in a biofilm are protected from exposure to exogenous 332 
toxic substances by the surrounding extracellular polymeric substance matrix within a 333 
heterogeneous metabolic bacterial population. By altering the cell structure, adhesion to 334 
surfaces and ability of matrix production and anchoring is changed (48). Lamers, et al. (49) 335 
showed that mltD mutants produced about 70% less biofilm than the wild-type P. aeruginosa. 336 
Similar results were observed by Sailer, et al. (46) for mltE mutants of E. coli. In our study, mtlD 337 
mutants could possibly have suffered from interference with components of cell membrane, 338 
possibly affecting the surface attachment, important for initial steps of biofilm formation. 339 
However, we did not investigate the signaling pathway.  It has been shown that a double 340 
mutation in two lytic transglycosylases, mltE and mltC, were specifically linked to the regulation 341 
of biofilm formation by affecting the expression of the key biofilm gene regulator CsgD (45) in S. 342 
typhimurium. Another possible mechanism was proposed by Artola-Recolons, et al. (50). The 343 
model involves the maturation of the surrounding peptidoglycan, via lytic transglycosylase, for 344 
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the proper anchoring and functionality of the flagellar motor, which is required to allow 345 
successful colonization of the gastric mucosa by H. pylori. 346 
In Iine with a previous finding (51), the mltD mutant produced elongated cells when assessed 347 
microscopically. The mltD mutant (39G5) was one of the few in the screen that exhibited no 348 
motility, which is in agreement with other studies (26, 27). Two other low biofilm formers with 349 
insertions in the flaA gene and a gene encoding for an unknown protein (44F5) were also 350 
motility deficient (Figure S6), which might account for their low biofilm production. The 351 
successful complementation of the mltD mutant, confirmed the gene’s direct involvement in 352 
biofilm formation and motility. The reduction in motility and production of long chains with 353 
elongated cells might impair the ability of the mutant to move freely and to attach to surfaces, 354 
thus resulting in biofilm reduction. The observed lower autolysis rate after exposure of 39G5 to 355 
Triton X-100 was also seen in a previous study (51) further confirming the involvement of the 356 
the mltD gene in autolysis.  357 
Interestingly, the two genes influenced by magnesium in this study (mgtB and mltD) are both 358 
situated in very close proximity on the genome only 1282 base pairs apart (Supplementary 359 
Figure S3b). The coding region for mltD is situated on the positive strand and for mgtB on the 360 
negative strand. A gene encoding for a transcriptional regulator of the TetR family is situated 361 
between these two genes. mltD is suggested to be regulated by this gene (52), and TetR is 362 
known to be influenced by magnesium (53-55). The mgtB mutant (44D3) showed a low biofilm 363 
phenotype which was reversed to the wild-type level upon magnesium addition, whereas the 364 
mltD mutant (39G5) showed a further reduction in biofilm mass upon magnesium addition. This 365 
and the close proximity of the genes suggest a potential common regulative mechanism, 366 
possibly through TetR, although different regulative systems for the two genes have been 367 
suggested (35, 52), however, this needs to be further investigated.  368 
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This screen also identified a number of mutants with defects in cell wall and membrane 369 
functions that showed changes in biofilm formation. Of particular note, a transposon insertion in 370 
the clsA gene (34F11), encoding for the cardiolipin synthetase, led to enhanced biofilm 371 
formation in the present study. Cardiolipin synthetase catalyses the formation of cardiolipin from 372 
phosphatidylglycerol and is predominantly active in stationary phase (56). Previous research 373 
showed that gene disruption of clsA resulted in decreased biofilm formation in other Gram-374 
negative and Gram-positive species (23-25), which indicates that clsA might be differentially 375 
regulated in different species, possibly due to differences in membrane composition. The 376 
hypothesis of differential regulation in multiple species is supported by studies which showed 377 
that changes in the environmental conditions, such as osmotic stress or desiccation, led to 378 
activation of clsA in E. coli and Staphylococcus aureus (57, 58), but butanol stress induced 379 
downregulation of clsA in Bacillus subtilis (59). By screening a mutant library of L. 380 
monocytogenes for desiccation survival, Hingston, et al. (16) found that a transposon insertion 381 
in the gene encoding for clsA resulted in decreased desiccation survival compared to the wild-382 
type in L. monocytogenes.  383 
Changes in environmental conditions not only trigger activation of genes involved in membrane 384 
composition to protect cells from damage but also trigger other stress response mechanisms. 385 
Many studies have shown that stress response is somehow linked to biofilm formation (11, 60-386 
65). One well-described system is the SOS response which is induced upon replication fork 387 
stalling caused by DNA damage through reactive oxygen species (ROS) (66). UvrB is part of an 388 
enzyme complex that mediates excision and incision steps of DNA repair and its expression is 389 
induced as part of the SOS response (67). In this study, a gene disruption of uvrB resulted in a 390 
low biofilm phenotype, although this phenotype could only be partially complemented. Partial 391 
complementation of uvrB may have occurred because this gene is part of an operon with uvrA, 392 
which may also have been affected by the transposon insertion (Figure S3b). The SOS-393 
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response has been linked to biofilm formation in several bacterial species including L. 394 
monocytogenes, Pseudomonas aeruginosa and Streptococcus mutans (66-68). Gene 395 
expression of uvrB and stress response associated genes were found to be upregulated in 396 
planktonic cells after heat exposure (69). Microscopic analysis of 33E11 showed changes in 397 
phenotype and produced coccoid-shaped bacteria (Figure 3 f). The formation of coccoid-shaped 398 
bacteria has been reported previously for Listeria cells after exposure to stresses such as 399 
starvation due to change from log-growth to long-term survival (70, 71). Tremoulet, et al. (72) 400 
found that the bacterial cells of 7-day-old biofilms of L. monocytogenes were more coccoid-401 
shaped than rod-shaped, which agrees with our findings. The changes in phenotype might be 402 
due to maturation of the biofilm as they did not observe this phenotype for biofilm grown for 24 403 
h. 404 
Although complementation was unsuccessful for the clsA and mgtB mutants in this study, their 405 
repeated identification in the screen, the different locations of the transposon insertions in these 406 
mutants and in one instance the different orientation of the transposon (clsA) (Table 2) provided 407 
substantial evidence for their involvement in biofilm formation.  408 
In addition, both mgtB mutants (30H2 and 44D3, Table 2) identified in this screen behaved 409 
similarly in the biofilm formation assay, in growth studies (Figure S1 and Table S1) and in 410 
motility tests (Figure S6). The two clsA mutants (30A9 and 34F11) produced the same amount 411 
of biofilm and were also similar in growth behaviour, however, they differed in their motility. The 412 
higher motility for one of the clsA mutants (30A9) could be due to insertion locations producing a 413 
partially functional gene (30A9 – insertion after 1133rd bp as opposed to 729th bp in 34F11). 414 
However, this will need further investigation.  415 
Furthermore, the membrane protein cardiolipin is predominantly found at the cell poles of rod-416 
shaped bacteria (73) and lack of cardiolipin might affect incorporation or attachment of specific 417 
proteins, such as flagella, into the cell poles resulting in decreased motility. A previous study 418 
19 
 
found that the swimming motility of Rhodobacter sphaeroides was not affected by cardiolipin 419 
deficiency (23). However, in contrast to L. monocytogenes, which has 4-6 peritrichous flagella, 420 
R. sphaeroides has just one single flagellum and is usually not situated at the cell pole but 421 
medially on the cell body (74). This strengthens the evidence for the involvement of clsA in 422 
motility and perhaps indicates this only applies to peritrichous flagella. 423 
The inability to restore the wild-type phenotypes in the mgtB and clsA mutants may have 424 
resulted from differential expression of the genes upon site-specific integration of the pIMK 425 
vector. This failure may also have been because of polar effects on expression of downstream 426 
genes upon insertion of the transposon (Supplementary Figure S3b). Certainly, the orientation 427 
of the transposon in the mgtB mutant would suggest that the transposon could influence 428 
expression of downstream genes such as ftsW, which are part of a cell division operon. 429 
However, together with literature linking these genes to biofilm formation in other studies (23, 430 
38), their repeated identification provided strong evidence that they are somehow involved in 431 
biofilm formation of L. monocytogenes 15G01.A recent publication also found an interesting link 432 
between cardiolipin and MgtA (which belongs to the same transporter class as MgtB) in E. coli: 433 
both MgtA and cardiolipin were found together in the bacterial membrane. Subramani, et al. (75) 434 
suggested that the head group of cardiolipin contributes to MgtA activation by possibly acting as 435 
a chaperone for MgtA. Whether a similar link is present in Gram-positive bacteria will need 436 
further investigation. 437 
To conclude, two genes, clsA and mgtB, were identified to be involved in biofilm formation. Both 438 
have, to the best of our knowledge, not previously been associated with biofilm formation in L. 439 
monocytogenes. The stress responsive gene uvrB is clearly part of an operon involved in biofilm 440 
formation, strengthening the link between biofilm formation and stress response. Confocal 441 
analysis revealed a unique biofilm structure for the mgtB mutant, which was reversed upon 442 
magnesium addition. Further studies analysing gene regulation are required to assess the exact 443 
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involvement of the biofilm-associated genes. Ultimately, this level of understanding could then 444 
help devise specific intervention technologies that reduce the tendency of these damaging food-445 
borne pathogens to form such persistent biofilms. 446 
 447 
Materials and methods 448 
Bacterial strains and growth conditions 449 
The wild-type strain used in this study was L. monocytogenes 15G01, a representative of the 450 
persistent pulsotype 5132 obtained from a New Zealand seafood-processing facility during an 451 
extensive sampling programme (18). L. monocytogenes 15G01 was kept as glycerol stocks in a 452 
-80°C freezer and recovered in a three-step process by first growing in Tryptic Soy Broth (TSB) 453 
enriched with 0.6% yeast extract (TSBYE) (Difco, BD, USA) overnight at 37°C, then secondly 454 
plating on Tryptic Soy Agar enriched with 0.6% yeast extract (TSAYE) (Difco, BD, USA) and, 455 
lastly, subculturing and storing on Columbian sheep blood agar (Fort Richard, New Zealand) at 456 
4°C. A library of 6,500 mutants of L. monocytogenes 15G01, created by The New Zealand Plant 457 
and Food Research Limited using the Himar1 mariner-based transposition system (22) 458 
according to a method described previously (76), was kept on 96-well master plates in glycerol 459 
at -80°C, subcultured twice before use and stored on TSAYE plates supplemented with 460 
erythromycin (Duchefa, Biochemie, The Netherlands) at a final concentration of 5 ppm. Media 461 
and agar plates were supplemented with erythromycin at a final concentration of 5 ppm for the 462 
studies with the mutants (the transposon contains the erythromycin resistance gene) and with 463 
additional kanamycin (MP Biomedicals, Illkirch, France) at a concentration of 50 ppm for the 464 
complemented strains. The optical density measurements for the growth studies were taken at a 465 
wavelength of 595 or 600 nm using a microplate reader (Multiskan EX, ThermoFisher) or an 466 





Biofilm formation assay 470 
A biofilm formation assay was performed according to the method described by Djordjevic, et al. 471 
(77) with some modifications. Briefly, overnight cultures were grown at 37°C in TSBYE in a 472 
sterile 96-well plate (polystyrene, U-bottom, Interlab, New Zealand) and transferred to new 96-473 
well plates with a 96-well replicator, each well containing 200 µL modified Welshimer’s broth 474 
(MWB) (Himedia, India). The cultures were incubated for 48 h at 30°C and then washed three 475 
times with 200 µL double-distilled H2O (ddH2O) using a microplate strip washer (ELx50, Biotek). 476 
After air-drying at ambient temperature for 30 min, 150 µL of a 1% aqueous crystal violet (CV) 477 
solution was added to the plates. After 45 min of incubation at 30°C, the CV solution was 478 
removed and the cultures were washed six times with 150 µL ddH2O. After drying for 30 min at 479 
30°C, 150 µL of 96% ethanol was added to each well to de-stain the CV stained cells. The 480 
optical density was measured after 1 h at 595 nm with a microplate reader (Multiskan EX, 481 
Thermo Fisher). The OD595nm values obtained were corrected by subtracting the OD595nm value 482 
of sterile media. To screen the library of transposon mutants, mutants were stored in 96-well 483 
master-plates and subcultured twice before tests for biofilm formation. Biofilm formation for each 484 
mutant was measured three times and compared to the wild-type strain. Statistical analysis (two 485 
sample t-test; p≤0.05) was performed to select mutants of interest. The OD595nm values of the 486 
mutants selected for further analysis were at least 2 standard deviations (SD) above or below 487 
that of the wild-type strain. To eliminate variability caused by growth deficiency, biofilm 488 
formation and turbidity measurements were repeated for 120 selected mutants in two 489 
independent experiments with eight replicates each. Turbidity was measured at 595 nm with a 490 
microplate reader before the washing and staining process. The growth of the mutants was 491 
compared to the growth of the wild-type in MWB to confirm that the altered biofilm formation 492 
observed in the initial screen was not due to differences in the ability of the mutants to grow in 493 
this media (Table S1 and Figure S1). 494 
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To assess the influence of magnesium on biofilm formation, the CV-assay was carried out in 495 
MWB with a final Mg2+ concentration of 1.67 mM or 5 mM, respectively. Biofilm formation was 496 
measured at 30°C and 37°C for 48 h. 497 
Identification of transposon insertion sites in selected mutants 498 
To locate the transposon insertion sites in the genomes of the mutants of interest, a nested 499 
arbitrary PCR was performed using one transposon specific primer and one arbitrary primer 500 
(Table 4) to amplify the regions flanking the transposon from the right and the left end. The PCR 501 
was performed in two steps with the Mastercycler gradient (Eppendorf, Germany). BioMix Red 502 
(Bioline, UK) was used as the mastermix in the first round and the second round was run using 503 
AccuPrime Hifi Taq polymerase (Invitrogen, US) as described previously (22). The annealing 504 
temperature was adjusted for each mutant if necessary to minimise non-specific annealing or to 505 
increase annealing. A final concentration of 3 mM Mg2+ was used for all PCR reactions. Five 506 
microlitres of each amplified product was visualised on a 1.5% agarose gel (settings 100 V for 507 
30 min) using Redsafe (Intron Biotechnology, Korea) under UV light. The PCR products 508 
obtained were subsequently purified and sequenced by Macrogen Ltd. (South Korea) and 509 
analysed using the NCBI BLAST programme version 2.2.30 (available from 510 
https://www.ncbi.nlm.nih.gov) and the Geneious® 7 programme (available from 511 
http://www.geneious.com) (78). The reference strain L. monocytogenes EGD (accession 512 
HG421741) (79) was used to identify the coordinates at the point of the transposon insertion site 513 
and the orientation of the transposon in the chromosome. This reference strain was chosen as it 514 
is the same serotype as the L. monocytogenes 15G01 strain (1/2a). 515 
Complementation of selected mutants 516 
The site-specific integrative vector pIMK (80) was used for the genetic complementation of 517 
selected mutants. The vector pIMK is a derivative of pPL2 (1Kb smaller) and facilitates the 518 
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insertion at the tRNAArg locus (81). Genetic complementation constructs using this plasmid were 519 
constructed by amplifying the target genes from wild-type 15G01 using gene-specific primers in 520 
PCR (Table 4). The gene-specific PCR products and the pIMK vector were digested with PstI 521 
and BamHI and ligated to one another using the LigaFast™ Rapid DNA Ligation System 522 
(Promega, USA), following the manufacturer’s instructions, in a molar ratio 3:1 (vector to insert). 523 
One microlitre of the recombinant plasmid was then introduced into chemically competent 524 
Escherichia coli S17 cells by heat shock. Transformants were selected on Luria Bertani (LB) 525 
agar plates supplemented with kanamycin. A colony was picked from the agar plate with a 526 
sterile toothpick and dipped in the PCR-mix. Colony PCR was performed with one gene-specific 527 
primer and T7 (T7 binding site present in the pIMK plasmid) to confirm successful 528 
transformation. Recombinant plasmids were extracted from colony PCR-positive cultures and 529 
the gene inserts were sequenced to confirm the authenticity of the constructs. Authentic 530 
transformants were then used for the genetic complementation of L. monocytogenes 15G01 531 
mutants. Conjugation was performed according to Azizoglu, et al. (82) with some modifications. 532 
Single colonies of the donor (E. coli transformants containing the construct pIMK:gene or a 533 
control containing only the pIMK vector) were resuspended overnight in LB broth containing 534 
kanamycin and incubated at 30°C, at 100 rpm to an OD595nm of approximately 0.55. At the same 535 
time, a colony of the recipient (L. monocytogenes 15G01 transposon mutant) was resuspended 536 
in Brain-Heart-Infusion (BHI) (Difco, BD, USA) medium and incubated overnight at 37°C with 537 
shaking. The donor culture (3 mL) and a pre-warmed (45°C; 10 min) recipient culture (1.5 mL) 538 
were mixed together and centrifuged at 2050 g for 8 min; the bacterial pellet was then washed 539 
with 10 mL of BHI broth and centrifuged again using the same conditions. After washing, the 540 
pellet was resuspended in 500 µL of fresh BHI broth, deposited in the centre of a BHI agar plate 541 
and incubated overnight at 37°C. The drop was then resuspended in 2 mL BHI broth and a 100 542 
µL aliquot was spread-plated on BHI agar plates containing kanamycin and nalidixic acid (Fort 543 
Richard, New Zealand) (20 µg/mL). L. monocytogenes strains are naturally resistant against 544 
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nalidixic acid and therefore it was used for counterselection. The plates were incubated at 30°C 545 
for 2-3 days. The authenticity of transconjugants was confirmed by colony PCR using the 546 
corresponding gene-specific primers. Their identity as L. monocytogenes was also confirmed 547 
using 16S-rRNA specific primers for L. monocytogenes (Table 4). To confirm that the empty 548 
vector had no effect on the phenotype, the parent plasmid was transformed in each mutant as 549 
well as the wild-type strain 15G01. 550 
Microscopic analysis 551 
Fluorescence microscopy, scanning electron microscopy (SEM) and confocal laser scanning 552 
microscopy were used to visualise biofilm formation of bacterial strains on polystyrene, stainless 553 
steel and glass, respectively. For visualisation under fluorescence, the fluorescent LIVE/DEAD 554 
BacLight bacterial viability kit (Life Technologies, Thermo Fisher, New Zealand) was used to 555 
label living cells green (SYTO9, membrane-permeable stain) and dead cells red (propidium 556 
iodide, a non-membrane permeable stain). Six-well plates (tissue treated, Greiner, Germany) 557 
were filled with 2.97 mL MWB and inoculated with 30 µL of an overnight bacterial culture grown 558 
in TSBYE at 37°C and were incubated at 30°C for 48 h. The biofilms were then washed twice 559 
with 0.8% NaCl to remove loosely attached cells and stained with 1 mL fluorescent stain 560 
prepared according to the manufacturer’s manual. A fluorescence microscope (Olympus, BX51 561 
fitted with the XC30 digital camera) was used at 10 x 100 magnification to take images. 562 
SEM was performed on stainless steel coupons (5x5 mm, food grade) as described previously 563 
(83). The coupons were coated with cooked mussel juice (CMJ) produced as described 564 
previously (19), but with some modifications. Briefly, Greenshell™ mussels obtained from the 565 
local supermarket were stored for 24 h at 10°C in a fridge and then boiled in a wok closed with a 566 
lid without addition of water. When all mussels opened and released the intervalvular juice, the 567 
liquid was collected and autoclaved at 121°C for 15 min. The coupons were pre-treated with 568 
alkali detergent for 2 h at 45°C and then rinsed with ddH20 and autoclaved in deionised water. 569 
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The coupons were coated by immersion in CMJ in a 6-well plate (tissue treated, Greiner, 570 
Germany) for 4 h at 60°C (or until dried). The coupons were then placed into a fresh 6-well plate 571 
containing MWB (2.97 mL) and were inoculated with 30 µL of an overnight culture of the 572 
bacterium (107.5–108 CFU). After incubation for 7 d at 30°C, phosphate buffered saline (PBS) 573 
(pH 7.2) was used to remove loosely attached cells on the coupons. After rinsing with 100 mM 574 
cacodylate buffer (pH 7.2) (Acros Organics, NJ, USA) the coupons were fixed overnight at 4°C 575 
in 2 % glutaraldehyde (Acros Organics, NJ, USA) and 0.1 % ruthenium red solution (Acros 576 
Organics, NJ, USA) in 100 mM cacodylate buffer. The next morning, coupons were rinsed to 577 
remove unbound dye and then dehydrated in serial dilutions of ethanol for 10 min each (30, 50, 578 
60, 70, 90 % v/v) with three final 10 min rinses in absolute ethanol. The coupons were then 579 
critical point dried (BalTec CPD030 (BalTec AG, Balzers, Liechtenstein)) and sputter coated 580 
with gold (Leica EM ACE200, (Leica Microscopy Systems Ltd, Heerbrugg, Switzerland)) for 581 
visualisation using a scanning electron microscope (FEI Quanta 250 SEM (Fei Company, 582 
Hillsboro, OR)). 583 
For confocal laser scanning microscopy (CLSM) analysis, the biofilms were grown on glass-584 
bottom dishes (35mm petri dish, 10mm Microwell No. 0 coverglass, MatTek Corporation, USA). 585 
First, single colonies picked from an agar plate (TSAYE) were used to inoculate TSBYE and 586 
then incubated overnight at 37°C. The glass-bottom dishes were filled with 2.97 mL MWB (Mg2+ 587 
concentration 1.67 mM or 5 mM) and inoculated with 30 µL of the overnight culture. After 7 d 588 
incubation at 30°C (or 37°C for 39G5), the medium was carefully removed and the biofilm on the 589 
plates washed twice with 0.8% NaCl solution. The fluorescent LIVE/DEAD BacLight bacterial 590 
viability kit was used to stain the biofilms according to the manufacturer’s instructions. Three 591 
images (246.03x246.03 µm) per sample were taken with a Leica DM6000B scanning confocal 592 
microscope running LAS AF software version 2.7.3.9723. Excitation and emission were as 593 
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follows: Stains: SYTO9, excitation @ 488 nm (argon laser), emission collection @ 498–550 nm; 594 
propidium iodide, excitation @ 561 nm (DPSS 561 laser), emission collection @ 571–700 nm. 595 
Images were analysed using ImageJ software and/or Imaris (Bitplane, Zurich). COMSTAT 596 
(available from www.comstat.dk) was used to calculate biomass, roughness, maximum and 597 
average thickness of the biofilms (84, 85). 598 
Motility assay 599 
A motility assay was performed according to the method of Knudsen, et al. (86). Briefly, semi-600 
solid agar plates (TSB+0.25% Agar (Difco, BD, USA)) were inoculated with L. monocytogenes 601 
15G01 or the mutant (39G5) using a sterile pick and incubated at 30°C or 37°C for 48 h. The 602 
diameter of the halo formed around the colony was then measured and compared to halo 603 
surrounding the wild-type strain (15G01). Three independent experiments were performed with 604 
each treatment repeated in triplicate. 605 
Autolysis assay  606 
The assay was performed according to Huang, et al. (10) with minor modifications. Briefly, 607 
single colonies of the wild-type and the selected mutant (39G5) were picked from the TSAYE 608 
plate and grown in BHI at 37°C overnight. OD595nm was measured in a microplate reader 609 
(SPECTROstar Omega, BMG Labtech) and adjusted to 0.6 ± 0.05 for each culture. Each culture 610 
(1.5 mL) was transferred to 2 mL microtubes and centrifuged at 4°C at 4500 g for 10 min. The 611 
supernatant was discarded, and the cell pellet washed twice with ice cold ddH2O, then 612 
resuspended in the same volume of Tris-HCl (pH 7.2) containing 0.05% Triton-X-100. Solutions 613 
with cells were incubated at 30°C in a 96-well plate and the OD595nm was measured for 20 h in 5 614 
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Table 1. Bacterial strains and plasmids used in this study 869 
Bacterial strains and plasmids Mutation Source  




Wild-type serotype 1/2a; EmS, 
KanS 
 Cruz and 
Fletcher 
(18) 
34F11 15G01 with transposon 
inserted in the clsA gene 
(LMON_2515); EmR, KanS 
15G01 clsA::himar1 This study 
33E11 15G01 with transposon 
inserted in the uvrB gene 
(LMON_2501); EmR, KanS  
15G01 uvrB::himar1 This study 
33E11-C 33E11 containing the pIMK-




33E11-EV 33E11 containing the pIMK 




39G5 15G01 with transposon 
inserted in the mltD gene 
(LMON_2714); EmR, KanS 
15G01 mltD::himar1 This study 
39G5-C 39G5 containing the pIMK-mltD 




39G5-EV 39G5 containing the pIMK 




44D3 15G01 with transposon 
inserted in the mgtB gene 
(LMON_2712); EmR, KanS 
15G01 mgtB::himar1 This study 
41H7 15G01 with transposon 
inserted in the flaA gene 
(LMON_0695); EmR, KanS 
15G01 flaA::himar1 This study 
Plasmids    
pIMK Site-specific listerial integrative vector, 5.1 kb, KanR Monk, et al. 
(80) 
pIMK-uvrB Site-specific plasmid carrying the LMON_2501 gene; KanR  This study 




Table 2. Biofilm-related genes identified in Listeria monocytogenes 15G01 through transposon insertions based on DNA homologies with L. 871 
monocytogenes EGD genome database, accession HG421741. Homologies were identified by Megablast and Geneious® 7 software using 872 
default settings. The biofilm mass produced by the mutants (CV-assay) was calculated relative to the biofilm formation of the wild-type in two 873 
independent experiments with eight replicates. Putative gene functions are based on the information from http://www.genome.jp/.  874 






relative to wt 















Biosynthesis       
Adenylosuccinate synthase  LMON_0057 
(purA) 
135.7 ± 5.12 1 59174 3’-5’ 24A10 
Dihydroxyacetone kinase family protein LMON_1882 173.03 ± 7.82 1 1888930 3’-5’ 35H9 
Acetyltransferase, GNAT family LMON_2362 27.32 ± 6.92 1 2377834 5’-3’ 31E7 
Glycosyl hydrolase, family 31 LMON_2457 19.90 ± 4.93 1 c 3’-5’ 32E5 
Cell wall / membrane       
Sortase A, LPXTG specific SrtA LMON_0935 7.49 ± 0.59 1 948604 3’-5’ 31C7 
Glycosyltransferase LMON_0939 18.74 ± 3.36 1 c 5’-3’ 35C1 
Putative peptidoglycan bound protein 
(LPXTG motif) Lmo1666 homologue 





















Translation and Transcription       
GTP-binding protein HflX LMON_1358  16.06 ± 6.92 1 c 3’-5’ 43C9 
SSU ribosomal protein S1p  LMON_2007 
(rpsA)  







Transporter systems       
Manganese ABC transporter, ATP-
binding protein SitB 
LMON_1917  133.83 ± 7.38 1 1925244 3’-5’ 47H11 
Bacitracin export ATP-binding protein 
BceA 
LMON_2188  138.01 ± 1.19 1 2194403 3’-5’ 31G1 






Phosphate ABC transporter, periplasmic 
phosphate-binding protein PstS 
LMON_2511  30.81 ± 0.50 1 2532962 3’-5’ 36A2 
PTS system, IIA component LMON_2675 32.69 ± 3.94 1 2692293 3’-5’ 26C10 






ABC transporter, ATP-binding protein LMON_2792 6.93 ± 0.27 1 2816670 3’-5’ 28D10 
Motility       
Flagellin protein FlaA  LMON_0695 
(flaA)  
23.74 ± 5.93 1 c 3’-5’ 41H7 
Autolysis       
Membrane-bound lytic murein 
transglycosylase D precursor MltD  
LMON_2714 2.11 ± 0.35 1 2734305 5’-3’ 39G5 
DNA repair and stress response       
Glutamate decarboxylase  LMON_2376 6.81 ± 0.93 1 2393310 3’-5’ 35F3 
Excinuclease ABC subunit B UvrB  LMON_2501 
(uvrB)  






Unknown       
FIG00774663: hypothetical protein LMON_1212 21.32 ± 0.69 1 c 5’-3’ 36B9 
FIG00774466: hypothetical protein LMON_2144 28.89 ± 3.37 1 2153693 5’-3’ 26H1 
COG1801: Uncharacterized conserved 
protein 
LMON_2417 15.37 ± 0.51 1 c 3’-5’ 40C12 




Hypothetical protein (mutant strain 41A8) 
 
b 21.88 ± 7.19 1 c 3’-5’ 41A8 
Intergenicd       
Methionine ABC transporter ATP-binding 




18.27 ± 1.96 1 2450096 3’-5’ 67C5 
Dihydroxyacetone kinase family protein 




173.44 ± 15.52 1 1889436 3’-5’ 33F8 
a
 Internal numbering of the transposon library 
b
 No counterpart in L. monocytogenes EGD, but present in parental strain 
c 
Exact insertion site could not be determined 
d 
Defined by the two genes at each boundary of the intergenic space. The 67C5 is 217bp downstream of LMON_2430 and 100bp upstream of LMON_2431 while the 33F8 
insertion is 7bp downstream of LMON_1882 and 373bp upstream of LMON _1883   
 
 
Table 3. Biomass, roughness coefficient, maximum thickness and average thickness of biofilms 876 
formed by the wild-type (wt) and the mutants 39G5 (mltD mutant) and 44D3 (mgtB mutant) in 877 
MWB and MWB with a final concentration of 5 mM Mg2+ after incubation at 30°C for 7 d 878 
calculated using COMSTAT. The standard deviation was calculated from three analysed images 879 
taken of each sample and are shown in brackets. 880 









































Average thickness  





























Table 4. Primers used in this study. 881 
 Italics represent restriction enzyme sites; used restriction enzymes are shown in brackets; N= A or C or G or T 882 
  883 























(87) Identification of 
Listeria 
monocytogenes 
























T7promoter TAATACGACTCACTATAGGG   Macrogen, 
Inc (South 
Korea) 







Figure 1. A comparison of biofilm formation in Listeria monocytogenes 15G01 (wt), the uvrB 887 
and mltD mutants (33E11 and 39G5), and mutants containing a wild type copy of the 888 
corresponding gene (complemented strains (-C)) or the empty vector pIMK (-EV). Error bars 889 
represent the standard deviation for three independent experiments (n=6). Biofilm formation 890 






















Figure 2. Images of the biofilms produced by Listeria monocytogenes 15G01 (wild-type) (a) and 893 
selected transposon mutants with altered biofilm formation (34F11 (b), 33E11 (c), 39G5 (d) and 894 
44D3 (e)) grown on polystyrene surfaces in MWB for 48 h at 30°C. The biofilms were stained 895 
 
 
with the LIVE/DEAD BacLight bacterial viability kit according to the manufacturer’s instruction 896 
(Life Technologies, Thermo Fisher, New Zealand). Living cells were labelled with SYTO9 897 
(green) and dead cells with propidium iodide (red). Scale bars represent 20 µm. 898 
34F11 – clsA mutant 899 
33E11 – uvrB mutant 900 
39G5 – mltD mutant 901 







Figure 3. Images of the coupon coated with mussel juice (k and l) and the biofilms produced by Listeria monocytogenes 15G01 905 
(wild-type) (a and b) and selected transposon mutants with altered biofilm formation (34F11 – clsA mutant (c and d), 33E11 – uvrB 906 
mutant (e and f), 39G5 – mltD mutant (g and h) and 44D3 – mgtB mutant (i and j)) grown on stainless steel coupons coated with 907 
mussel juice for 7 d at 30°C. The images were obtained with a scanning electron microscope with 5000x and 10,000x magnification. 908 
The cracks are features of the stainless steel surface. The white arrows point at coccoid-shaped bacteria (f) and the two different 909 





Figure 4. Biofilm formation of the wild-type and selected mutants in MWB (light grey bars) and MWB with a Mg2+ concentration of 5 913 
mM (dark grey bars) at 30°C (a) and 37°C (b) after 48 h of incubation measured with the CV-assay. Error bars represent standard 914 
deviation of three independent experiments (n=6). Letters in common indicate no significant difference. 915 
 
 
Isosurface images of biofilms of the wild-type (c), 39G5 (e) and 44D3 (g) formed on glass after 7 d incubation in MWB (1.67 mM 916 
Mg2+) and in MWB with a final Mg2+ concentration of 5 mM (wild-type (d), 39G5 (f) and 44D3 (h)). Biofilms were grown at 30°C (wild-917 
type, 44D3) or 37°C (39G5) and stained with SYTO9.  918 
Orthogonal view of biofilms formed on a glass surface after 7 d at 30°C by the wild-type in MWB (i), by the mgtB mutant (44D3) in 919 
MWB (j) and by the mgtB mutant (44D3) in presence of 5 mM Mg2+ (k). Images were taken after removal of media and staining with 920 





Figure 5. (a) Triton X-100 induced autolysis of Listeria monocytogenes 15G01 (wt) and the mltD 924 
mutant (39G5) determined by optical density measurement at 595nm and (b) motility of L. 925 
monocytogenes 15G01 (top left), the mltD mutant (39G5 –top right) and the mltD mutant 926 
containing a wild-type copy of the corresponding gene (39G5 -C bottom left) or the empty vector 927 









Supplementary Figure S1. Growth of 36 transposon mutants of the Listeria monocytogenes 
15G01 strain in MWB at 30°C determined by optical density measurements at 595 nm. A 96-well 
plate with each well containing 200 µL of MWB was inoculated with an overnight culture of L. 
monocytogenes 15G01 and mutants grown in TSBYE at 37°C using a 96-well replicator. The 
turbidity of the wells was measured with a microplate reader at a wavelength of 595 nm at given 
time points. The readings were averaged and plotted against measured time points to produce a 
growth curve. OD595nm values of the samples were corrected by subtracting the OD595nm values for 




Supplementary Figure S2. Growth of the Listeria monocytogenes strain 15G01 (wt) and its four 
mutants in MWB at 30°C measured with an automated microplate reader at defined time points 
at 600 nm. The mutants have been grown without selective antibiotics to eliminate its effects on 
growth. The growth curves pictured are the means of two measurements. 
 
Supplementary Figure S3a. A representation of the genome of Listeria monocytogenes EGD 
showing the locations of transposon insertion sites associated with biofilm formation in L. 
monocytogenes 15G01. The outer ring represents the scale in bp, protein coding sequences are 
shown in turquoise, the middle ring highlights genes with a transposon insertion leading to greater 
biofilm formation (orange) and low biofilm formation (blue) in 15G01 and the inner ring 
(purple/green) shows the G+C % content plot with the GC skew. The image was generated using 









Supplementary Figure S3b. Co-ordinates of the transposon insertions of the four genes hit by the 





Supplementary Figure S4. Scanning electron microscopy image of a biofilm formed by the flaA 
mutant (41H7) after 7 d incubation at 30°C on stainless steel coupons coated with mussel juice 




Supplementary Figure S5. Attachment of the Listeria monocytogenes 15G01 (wt) strain and the 
five mutant strains on polystyrene after 30 min at 30°C in MWB (a) and attachment of L. 
monocytogenes 15G01 (wt) and the mutants in MWB (light grey bars) and in MWB-5mM Mg2+ 
(dark grey bars) (b). Error bars represent the standard deviation of two experiments with n=12. 
Letters in common indicate no significant difference. 
 
Supplementary Figure S6. Motility of the Listeria monocytogenes 15G01 (wt) strain and the 36 mutant strains after 48 h of incubation 
at 30°C measured as halo produced in TSA+0.25% agar. The error bars represent standard deviations of three independent 





































































































































































Supplementary Table S1. Growth of 36 transposon mutants of the Listeria monocytogenes 
15G01 strain in MWB at 30°C determined by optical density measurements at 595 nm.  
To compare the mutant strains to the wild-type, logistic growth curves were fitted to each repetition 
of each strain (using the FITCURVE procedure in Genstat version 17, 2014). Because of the 
declines noted for some strains at 60 h, the 60 h data were excluded. The parameters of the 
curves were then compared to those for the wild-type replicates using t-tests. 
All the strains were significantly different from the wild-type on at least one parameter. The most 
consistent difference was that all but two strains (24A10 and 33E11) had significantly higher m. 
The other notable feature was that most strains grew slower (lower b) than the wild-type, which 
is quite likely due to antibiotic presence. 
The mean parameters (from the eight repetitions) are tabulated below, along with standard errors 
(s.e — based on the difference between the repetitions) and p values for the difference from the 
wild-type. P values are colour coded yellow (significant at p = 0.05 and value is higher than the 
wild-type) and turquoise (significant at p = 0.05 and value is lower than the wild-type). 
 a (starting level) Slope at time = m c (how much line rises) 
m (midpoint of 
increasing phase) 
Strain Mean s.e. p Mean s.e. p Mean s.e. p Mean s.e. p 
Wild-
type 0.15 0.004  
0.053 0.001 
 0.44 0.012  14.6 0.55  
24A10 0.17 0.001 <.001 0.021 0.001 <.001 0.20 0.001 <.001 14.5 0.34 0.949 
24H3 0.16 0.003 0.066 0.043 0.001 <.001 0.50 0.009 0.001 21.4 0.21 <.001 
25D2 0.11 0.002 <.001 0.037 0.001 <.001 0.45 0.011 0.459 19.3 0.20 <.001 
26C10 0.15 0.005 0.989 0.043 0.002 0.004 0.27 0.002 <.001 17.0 0.39 0.003 
26H1 0.15 0.001 0.589 0.040 0.001 <.001 0.43 0.008 0.404 18.6 0.15 <.001 
28A2 0.19 0.001 <.001 0.049 0.001 0.108 0.50 0.011 0.002 20.5 0.31 <.001 
28D12 0.18 0.002 <.001 0.048 0.001 0.013 0.41 0.006 0.056 19.1 0.33 <.001 
28G11 0.17 0.004 0.001 0.054 0.001 0.374 0.47 0.011 0.086 17.8 0.12 0.001 
30A9 0.13 0.003 0.002 0.048 0.001 0.015 0.44 0.006 0.889 17.8 0.24 <.001 
30H2 0.11 0.004 <.001 0.036 0.001 <.001 0.54 0.004 <.001 22.9 0.50 <.001 
31 E7 0.17 0.003 <.001 0.022 0.002 <.001 0.32 0.011 <.001 23.1 0.60 <.001 
31C7 0.19 0.002 <.001 0.050 0.001 0.123 0.48 0.006 0.009 20.5 0.32 <.001 
31G1 0.12 0.002 <.001 0.046 0.001 0.001 0.45 0.004 0.211 19.5 0.53 <.001 
32 E2 0.16 0.004 0.032 0.047 0.001 0.006 0.49 0.011 0.006 20.0 0.21 <.001 
32 E5 0.16 0.003 0.019 0.034 0.001 <.001 0.30 0.005 <.001 18.5 0.28 <.001 
32A9 0.18 0.001 <.001 0.049 0.001 0.071 0.48 0.007 0.005 19.3 0.18 <.001 
33 E11 0.16 0.002 0.020 0.055 0.001 0.220 0.27 0.011 <.001 15.5 0.08 0.151 
33F8 0.12 0.003 <.001 0.045 0.002 0.003 0.43 0.014 0.589 18.1 0.14 <.001 
34F11 0.13 0.003 0.004 0.038 0.001 <.001 0.40 0.010 0.034 19.7 0.25 <.001 
35C1 0.16 0.004 0.050 0.035 0.002 <.001 0.49 0.006 0.002 22.0 0.41 <.001 
35F3 0.22 0.002 <.001 0.040 0.000 <.001 0.24 0.003 <.001 16.2 0.14 0.025 
35H9 0.20 0.003 <.001 0.052 0.001 0.818 0.49 0.009 0.007 19.2 0.41 <.001 
36A2 0.20 0.002 <.001 0.044 0.001 <.001 0.34 0.004 <.001 18.2 0.32 <.001 
 
 
36B9 0.19 0.002 <.001 0.034 0.001 <.001 0.41 0.010 0.135 21.0 0.13 <.001 
39G5 0.20 0.002 <.001 0.031 0.001 <.001 0.31 0.010 <.001 19.4 0.18 <.001 
40C12 0.18 0.003 <.001 0.039 0.001 <.001 0.30 0.009 <.001 17.5 0.40 0.001 
41A8 0.20 0.003 <.001 0.038 0.001 <.001 0.36 0.003 <.001 19.5 0.20 <.001 
41H7 0.17 0.001 0.001 0.050 0.001 0.084 0.43 0.007 0.756 19.3 0.29 <.001 
42G3 0.16 0.007 0.296 0.045 0.003 0.044 0.35 0.013 <.001 17.4 0.23 0.001 
43C9 0.16 0.003 0.115 0.030 0.002 <.001 0.43 0.009 0.496 21.8 0.50 <.001 
44D3 0.17 0.002 <.001 0.044 0.001 <.001 0.53 0.006 <.001 22.0 0.42 <.001 
44F5 0.18 0.004 <.001 0.040 0.001 <.001 0.47 0.017 0.112 20.7 0.18 <.001 
47H10 0.18 0.002 <.001 0.050 0.001 0.194 0.49 0.008 0.002 20.4 0.26 <.001 
47H11 0.18 0.003 <.001 0.050 0.000 0.104 0.63 0.009 <.001 28.1 0.33 <.001 
64B3 0.19 0.003 <.001 0.051 0.001 0.449 0.49 0.006 0.003 21.1 0.23 <.001 
67C5 0.15 0.004 0.858 0.038 0.002 <.001 0.27 0.003 <.001 17.3 0.32 0.001 
 
 
 
 
